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Introduction 42
Despite numerous and versatile genetic mosaic strategies available for 43 genetically amenable model organism Drosophila melanogaster, none up to now 44 was suited for efficient large-scale screening for cell non-autonomous effects on 45 a developmentally deleterious genotype. Given the requirement for 46 combinations of genetic manipulations, non-autonomous effects are more 47 challenging to investigate yet well known to play crucial roles in development 48
and disease contexts such as cancer. The challenge applies to any tissue but is 49 particularly evident in the central nervous system (CNS) due to diversity of cell 50 types and uniqueness of each lineage with respect to gene expression, size, 51 projection patterns, as well as lethality frequently associated with their 52 disruption. A much needed, transformative, new tool would be: (i) a viable 53 parental stock in which (ii) chosen individual lineages could be (iii) triggered to 54 assume a deleterious genotype (iv) with temporal control (v) from which point 55 they would become permanently labeled by a reporter and (vi) with which a 56 single cross to existing stocks would produce progeny with genetically perturbed 57 cell types of interest other than the labeled lineages. To illustrate in our specific 58 case: no available genetic tool allowed large-scale screening for non-autonomous 59 effects on neural tumor growth as animals harbouring neural tumors cannot be 60 kept as a stable stock. 61
Drosophila has been a canvas for pioneering mosaic tools, at the heart of which 62 5 genome-wide gain-and loss-of-function, readily available to the community) to 91 cause non-autonomous perturbations on F1 progeny. Due to possible fate 92 transformations and expression-level variations of regulatory sequences, we 93 wanted tumors to become irreversibly labeled under the control of a ubiquitous 94 and strong regulatory sequence from the time of induction. Various but not all of 95 these features can be achieved with suppressible/inducible LexA, Q and FLP 96 systems (Weigmann and Cohen 1999; Yagi et al. 2010 ; Riabinina et al. 2015) . 97
Maintenance of an F0 stock with capacity for tumor induction requires 98 suppression of the deleterious genotype until desired. However, whilst the 99 lexA GAD derivative (superscript indicating the GAL4 activation domain) can be 100 suppressed by GAL80, it is not compatible with continuous non-autonomous 101 gene inductions via GAL4 as these would also be affected. Also, alleviation of QF 102 suppression by quinic acid, or estrogen induction of FLP EBD (superscript 103 indicating an estrogen-binding domain) requires ingestion and metabolization of 104 the effector molecule, resulting in relatively long induction kinetics and 105 variability, thus impairing reproducibility in the fast-developing fly tumor 106 models (Weigmann and Cohen 1999; Potter et al. 2010) . 107
Our design presented achieves the desired features via the employment of two 108 very efficient transcriptional termination sequences (STOP cassettes) upstream 109 of an oncogenic sequence and reporter. Each STOP cassette is flanked by 110 recombinase target sequences selective for two distinct recombinases, one 111 constitutively expressed in selected lineages, conferring spatial specificity; the 112 other whose expression is induced by heat-shock (hs), conferring rapid temporal 113 resolution. We tested and refined the new genetic tools by recapitulating two 114 well-established Drosophila neural tumor models, one generated by 115 7 spatiotemporal control achieved by lineage-restricted expression of FLP and hs-138 induction of mFLP5 ( Figure 1a ). 139
We wanted our tumor-generating tool to induce expression not only of 140 oncogenes but to also allow downregulation of tumor suppressors, in addition to 141 a reporter gene (in this case enhanced green fluorescent protein, EGFP). 142
Multicistronic expression of oncogenic and reporter proteins can be easily 143 achieved by sandwiching T2A peptide (Gonzalez et al. 2011; Diao and White 144 2012) codons between coding sequences (cds). We therefore focused on 145 achieving a layout that reconciled strong reporter expression with gene 146 downregulation by short hairpin artificial microRNAs (miRs). Artificial miRs 147 consist of 21 bp sequences designed for RNA interference, embedded into a 148 sequence backbone of a naturally occurring miR; they are very effective in 149 downregulating gene expression (more so than long double-stranded RNAs; Ni et 150 al. 2011), can be transcribed by RNA polymerase II (Pol II) , and 151 can be concatenated for synergistic effect (Chen et al. 2007 ). We placed the EGFP 152 cds downstream of an intron as this increases transcript expression (Haley et al. 153 2010) and has the additional advantage of being able to host miRs without 154 disrupting transcript stability by their processing, unlike when miRs are placed 155 in the 3' untranslated region (3'UTR) (Bejarano et al. 2012) . 156
Wishing to study strictly cell non-autonomous effects employing the GAL4/UAS 157 system, we included miRs targeting GAL4 as well as those targeting a tumor 158 suppressor (two miRs per target). Therefore, if the GAL4 expression domain 159 overlapped with the tumor domain, GAL4 would be silenced within the tumor. 160 miRs targeting the neural tumor suppressors pros or brat were used for tumor 161 minimize position effects and enhance expression, all constructs generated for 163 this study were flanked by gypsy insulators and integrated into the Drosophila 164 genome by PhiC3-mediated transgenesis, selecting sites reported to produce low 165 basal and high induced expression (Markstein et al. 2008) . 166
The utility of this design lies in its combination with two distinct Flippases plus a 167 desired GAL4 transgene in a single organism (Figure 1b its efficacy depending on heat-shock duration); following which the miRs and 179 reporter can be expressed but only within the FLP-expressing domain ( Figure  180 1b, F1 right). If the GAL4 domain overlaps with the FLP spatial domain (as 181 schematized in Fig. 1b ), strictly non-autonomous effects can still be studied since 182 GAL4 expression will be wiped-out therein by the GAL4 miRs (Figure 1b , F1 right). 183 A more naturalistic schematic illustrating brain tumours and GAL4 driven in all 184 glia is depicted in Figure 1c . 185 186 9
Efficacy of STOP cassettes 187
Central to the success of this strategy is the efficacy of the STOP cassettes. For 188 each we used tandem transcriptional terminators, as others before us. Whereas 189 some degree of STOP leakiness can be afforded to simply label cells or to 190 generate a deleterious genetic perturbation by means of a cross, it is absolutely 191 incompatible with our aim of harbouring a "locked" deleterious perturbation 192 within a stable stock. We tested a few transcriptional terminators until we 193 obtained the tightly controlled expression necessary. (Figure 2b yellow-boxed 210 10 inset). Because this was never seen in the absence of hs it was a Flippase-211 dependent process, likely due to inefficient termination of Pol II following 212 excision of only one of the STOP cassettes. We concluded that our design, 213 containing phenotype-inducing miRs ~200 bp downstream of STOP cassettes, 214 was a sensitive reporter of Pol II readthrough (Proudfoot 2016) and that this 215 STOP cassette was unsuitable for our purpose. We show that employment of 4 miRs is efficacious and permits simultaneous 345 downregulation of multiple genes in the labeled domain; furthermore, T2A 346 sequences can be added for simultaneous overexpression of coding sequences in 347 addition to that for a reporter. The system can be used also to refine spatial 348 domains, intersecting various enhancer-recombinases (in addition or not to hs 349 control). Each of these is >lanked by FRT or mFRT71, speci>ically recognized by FLP and mFLP5, respectively. Therefore, miRs and EGFP will only be expressed in cells containing the two >lippases. Spatial and temporal control is achieved by providing a spatially restricted FLP and hs-induced mFLP5. SD, splice donor; SA, splice acceptor. Following excision of the fushi tarazu (ftz) intron, miRs are processed without detriment to reporter expression. Gypsy insulators minimize position effects whilst enhancing expression levels; attB sites allow site-speci>ic insertion into attP-containing host strains. (b) Schematic of FOFO application. Expression of deleterious sequences (either knock-down by miRs or overexpression alongside the reporter by means of T2A) can be induced (by heat-shock) in a single >ly stock (without need to cross) carrying FOFO, a lineage-speci>ic enhancer1-FLP and hs-mFLP5. The point is then to add in the same >lies (F0 generation) a GAL4 transgene (enhancer2-GAL4) and cross to UAS responders. The FOFO containing stock expresses FLP in the spatially restricted domain de>ined by enhancer1 (yellow) in a tissue represented by the grey shape. FLP expression will constitutively excise the >irst STOP cassette but the presence of a second STOP cassette precludes expression of anything downstream unless >lies are subject to hs. The F1 progeny expresses a transgene (purple) in the GAL4-expressing domain de>ined by enhancer2 (black). Following hs, mFLP5 expression leads to excision of the second STOP cassette and thus expression of miRs and EGFP in the domain covered by the lineage-speci>ic enhancer. Even if the domain of the latter overlaps with that of enhancer2 as depicted, GAL4 miRs will delete GAL4 expression in the EGFP-expressing domain so that the GAL4 domain never overlaps with that of enhancer1 and only cell non-autonomous effects are assessed. (c) Schematic representation of a FOFO application with the tools designed for this study. EGFP-labelled neural tumors (green) are generated within brain lobes (grey shape) in a stock also carrying a GAL4 expressed in glia (purple). Crossing this stock to any UAS-responder lines (could be genome-wide gain-or loss-of function) will allow identi>ication of genes whose glial expression affects tumor size. Wandering thirdinstar larval brain lobes. In the absence of hs, the brains of animals carrying FOFO1.0 as well as hs-FLP1 and hs-mFLP5 look WT. Following hs, miR and EGFP expression is induced and supernumerary NSCs characteristic of these tumors are generated within the EGFP domain (notice NSC density in white-boxed insets). However, supernumerary NSCs outside the EGFP domain were also observed (notice NSC density in yellow-boxed inset, comparable to that of white-boxed inset of same sample). (c) Wandering thirdinstar larval brain lobes. In the absence of hs, the brains of animals carrying FOFO2.0 as well as hs-FLP1 and hs-mFLP5 look WT. Following hs, miR and EGFP expression is induced and supernumerary NSCs characteristic of these tumors are generated only within the EGFP domain (white-boxed insets). All images are maximum intensity projections of Z-series but those of brains containing tumors are projections of only a few optical sections. Images are of a representative example obtained from two biological replicates (n>10 per condition). Scale bar: 100 µm. QuantiAication of the number of NSCs (identiAied by expression of Miranda) per brain lobe in third-instar larvae of the indicated genotypes (above histograms) crossed to either both hs-FLP and hs-mFLP5 or just one of them (as indicated below graph), subjected or not to heat-shock (indicated by thermometers). One brain lobe per animal was picked at random. Histograms heights represent the mean and error bars the S.D.. There was no statistically signiAicant difference between any of the conditions. Data points shown were collected from two biological replicates (in order of histograms presented: The hsp70 promoter induces less expression of enhancer-FLP(D) lines than the DSCP promoter. New enhancer-FLP(D) lines were crossed to act>STOP>GAL4,UAS-GFP and wandering third-instar larval CNSs imaged for endogenous GFP expression. All genotypes were processed in parallel and imaged with identical conditions. In all cases, expression controlled by the hsp70 promoter was less relative to that controlled by the DSCP, which could be due either to less background or sensitivity. Images are of a representative example obtained from two biological replicates (n>10 per condition). Scale bar: 100 µm.
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